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ABSTRACT 
This literature analysis examines terahertz (THz) imaging as a non-invasive tool for the 
imaging of friction ridge detail from the first painted layer (imprimatura) in multilayered 
painted works of art. The paintings of interest are those created utilizing techniques 
developed during the Renaissance and still in use today.  The goal of analysis serves to 
answer two questions.  First, can THz radiation penetrate paint layers covering the 
imprimatura to reveal friction ridge information?  Secondly, can the this technology 
recover friction ridge detail such that the fine details are sufficiently resolved to provide 
images suitable for comparison and identification  purposes.  
If a comparison standard exists, recovered friction ridge detail from this layer can be used 
to establish linkages to an artist or between works of art.  Further, it can be added to other 
scientific methods currently employed to assist with the authentication efforts of 
unattributed paintings. 
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Flanked by the microwave and far-infrared edges, THz straddles the electronic and optic 
perspectives of the electromagnetic spectrum.  As a consequence, this range is imparted 
with unique and useful properties.  Able to penetrate and image through many opaque 
materials, its non-ionizing radiation is an ideal non-destructive technique that provides 
visual   information   from   a   painting’s   sub-strata.  Imaging is possible where refractive 
index differences exist between different paint layers.   
Though it is impossible, at present, to determine when a fingerprint was deposited, one 
can infer approximately when a print was created if it is recovered from the imprimatura 
layer of a painting, and can be subsequently attributed to a known source.  Fingerprints 
are unique, a person is only able to deposit prints while their physical body is intact and 
thus, in some cases, the multiple layer process some artists use in their work may be used 
to  the  examiner’s  advantage. 
Impressions of friction ridge detail have been recorded on receiving surfaces from human 
hands throughout time (and have also been discovered in works of art).  Yet, the potential 
to associate those recorded impressions to a specific individual was only realized just 
over one hundred years ago.  Much like the use of friction ridge skin, the relatively 
recently discovered THz range is now better understood; its tremendous potential 
unlocked by growing research and technology designed to exploit its unique properties.  
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GLOSSARY 
Bifurcation Division of a friction ridge into two ridges. 
Canvas A woven support used for painting. 
Collective art Art where individual style and innovation appear to be absent. 
Core Top front of a finger. 
Dermis The layer of skin underneath the epidermis; the true skin. 
Design (layer) The   “picture”   aspect of the painting and usually consists of lead 
white in addition to the other pigments. 
Dot A friction ridge as long as it is wide. 
Electro-magnetic 
spectrum 
The entire possible range of visible and invisible light – arranged 
by wavelength and frequency. 
Epidermis Outer layer of skin. 
Exemplar Intentionally recorded friction ridge skin information, recovered 
from a known individual, in a controlled environment. 
Forgery (art) Duplication  of  a  specific  piece  or  artist’s  style  of  art  created  with 
the intent to deceive. 
Forward search Searching an unknown sample against a database of samples of 
known origin to determine if associations can be made. 
Friction ridge skin Minute ridges of skin with furrows between ridge sets on the 
inside (palmar) surface of the hands, from the fingertips to the 
wrist, and the bottom (plantar) surface of the feet, from the tips of 
each toe to the back of the heel. 
Gesso (plaster) A term used loosely to define any white substance that can be 
mixed with water and consists of pigments in a binding medium 
composed of inert solids, such as gypsum, whiting, or chalk and 
suspended in oil or glue. 
Ground (layer) The stratum between the support and the painted design, and may 
consist of multiple layers (synonymous with priming). 
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Imprimatura Oil-based priming layer typically, monochromatic-tinted. 
Infrared 
reflectography 
A imaging examination technique of art used to examine 
underdrawings in paintings with reflected infrared radiation. 
Integumentary 
system 
Skin comprising the innermost (dermis) and the outermost 
(epidermis) layers. 
Law of 
Superposition 
The principle of strata where like lies upon like, with earlier 
deposits underlying the later ones, allowing for age of earlier strata 
to be assigned. 
Latent print A friction ridge skin impression that is undetectable or difficult to 
see without some mechanical (dusting or powder) or chemical 
process to enhance the print residue. 
Level 1 detail Flow of friction ridges. 
Level 2 detail Features refer primarily to Galton details or minutiae, events that 
occur along the ridge path. 
Level 3 detail Finer features of friction ridge such as sweat pores and ridge 
contours. 
Locard’s  Exchange  
Principle 
When two objects come into physical contact with one another, a 
transfer of material will occur. 
Patent print A print impression that is visible to the unaided eye. 
Permanence 
(friction ridge skin) 
The concept that friction ridge skin is developed in utero and 
remains unchanged until death and post-mortem decomposition 
sets in. 
Persistence  
(friction ridge skin) 
The concept that friction ridge skin is developed in utero and 
remains unchanged until death and post-mortem decomposition 
sets in. 
Plastic print The three-dimensional aspects of a print recorded in a pliable 
surface, creating a mold of the friction ridge skin. 
Point standard The minimum quantitative threshold of level 2 details that are 
required in order to establish an identification conclusion. 
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Pouncing A method of transferring a drawing to a support by making a series 
of pinpricks along the outlines of the drawing then dabbing pounce 
(a fine powder of charcoal or similar substance) through them, 
thus creating a dotted replica of the outlines on the surface below. 
Priming (layer) In a piece of painted artwork, the stratum between the support and 
the painted design, which may consist of multiple layers 
(synonymous with ground). 
Provenance The history and ownership of a valued object such as a work of art. 
Refractive index The bending of light rays from one medium to another, which can 
be measured as a characteristic of the medium. 
Reverse search The searching of known samples against a database of samples of 
unknown origin to determine if associations can be made. 
Size/sizing To coat the canvas with size – animal glue – a coat used to seal the 
canvas and to create a bond between the support and the rest of the 
ground. 
Stratigraphy Stratification of superimposed layers as explained as events of 
layering. 
Superposition The principle of strata where like lies upon like, with earlier 
deposits underlying the later ones, allowing for age of earlier strata 
to be assigned. 
Support The material upon which a painting is executed, which may be 
canvas, wooden panel, paper, or some other substance. 
Tempera Originally a term used to describe a pigment dissolved in water 
and an organic substance such as egg, used since antiquity. 
Terahertz radiation Waves in the spectrum between a frequency of 0.1 and 10 THz 
with corresponding wavelengths from 3,000 to 30 microns.  Also 
considered   the   “THz   gap”   due   to,   a   once,   lack   of   emitting   and  
receiving devices in this range. 
Underdrawing A sketch, typically done in a carbon-based material over which the 
design layers are placed.   
Uniqueness  
(friction ridge skin) 
No two individuals’   friction  ridge  skin  has   the  same  arrangement  
of minutiae. 
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Varnish (layer) Uppermost layer of a painting that serves to alter the appearance of 
the painted surface, add richness to color, and to provide 
protection. 
X-ray radiography A imaging examination technique of art where subsurface layers 
of a painting where one side of a painting is exposed to X-rays 
(with radiographic sheets placed on the opposite of the radiated 
surface). 
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INTRODUCTION 
There is no society throughout history, however low its level of 
material existence that has lacked art.  Depiction and decoration, like 
storytelling and music, are as natural to human beings as nest-building 
is to most birds.   –  Stephen Farthing1   
Art is  humanity’s  earliest  record  of  history;;  a  visual  account  predating  efforts  that  capture  
human activity through written language.  Artists have endeavored to convey the 
spectrum of human experience from drudgery of daily life, to grand ideas, complex 
beliefs (political or religious), and subtle emotions.  But beyond understanding why art is 
created, is it possible to attribute a piece to a specific source, an author, if you will?  To 
that  end,  the  question  changes  from  “why  was  this  piece  created?”  to  “by whom was this 
piece   created?”      Are   there   physical   elements   present   that   one   might   exploit   to   reveal  
conclusive  facts  as  to  the  artist’s  identity?     
In reality, examining why and how a piece of art was created are nearly always necessary 
to understand its authorship, and require cooperation of experts of varied expertise.  
However,   this  paper’s  effort   focuses  on  a  new   technology   that  allows   the   imaging  of  a  
stratum within painted art to capture information that may be specific to the original 
artist. Further, this association between the work and the artist will be determined 
utilizing friction ridge comparisons, the exacting technique employed by forensic 
practitioners.   
There  is  an  almost  inseparable  relationship  between  a  physical  work  and  the  artist’s  hand.  
The rationale of associating works of art to its artist by way of friction ridge detail can be 
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justified: it has been demonstrated that friction ridge information recovered from an item 
can be attributed to its source with a high degree of certainty.  The friction ridge detail of 
interest is that which may be captured in the first layer of a multi-layered painting. 
Examining some of the subsurface layers of paintings for fingerprints requires technology 
beyond that which is now used in fine art examination.  The newly emerging technology 
in the terahertz range of the electromagnetic spectrum allows high resolution, subsurface 
imaging of paintings, through multiple layers of paint and varnish without destruction or 
the need to physically touch the art. This literature analysis explores the potential of ridge 
detail detection using terahertz radiation in the first painted layer of works of art. 
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FRICTION RIDGE SKIN 
Skin 
The term integument means covering. The integumentary system (skin) is the human 
body’s largest organ, and is composed of two anatomical layers: dermis (innermost) and 
epidermis (outermost).2  The most basic function of skin is to create a boundary between 
the organism and its environment.3  Skin provides a defense preventing the penetration of 
microbial organisms, chemical irritants, toxins, and solar radiation.4  Skin also acts as a 
sensor, dense with nerves, keeping the brain connected with the outside world, allowing 
responses to heat and other ominous stimuli.3   
At a gross level, the skin covering most of the body appears to be a mostly indistinct 
surface, smooth.  However, the skin covering the palmar surface of the hands and the 
plantar surface of the feet are an exception. 
On the inside (palmar) surface of the hands, from the fingertips to the wrist, and the 
bottom (plantar) surface of the feet, from the tips of each toe to the back of the heel, are 
minute ridges of skin with furrows between ridge sets.5  Also termed friction ridge skin, 
this corrugated surface is analogous to corduroy fabric.  Yet, unlike corduroy, where the 
raised structures run continuously, details occur along the friction ridge path.  Note the 
friction ridge skin surface shown in Figure 1. The average friction ridge breadth is 
approximately  480  μm  in  the  hand  of  young  adult  males  and  slightly  smaller  in  females. 6    
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Figure 1  Inked friction ridge skin of a 
right index finger.  
Source: Courtesy of Ioan Truta, Boston Police 
Department Latent Print Section (2012). 
 Note:  The small indentations on top of the ridges 
are pores. 
 
A ridge may split and take two paths (bifurcation), end abruptly (ending ridge), or may 
only be as long as it is wide (dot).5  Terms used to describe these events include Level 2 
Detail, minutiae, ridge characteristics, or Galton details.  Though friction ridge detail is 
permanent, scarring (when there is permanent damage to the dermis) may change detail 
and become a permanent feature as well. One or more of these three primary features 
may, in combination, create additional, identifiable characteristics. 
Friction ridges contain pores that exude perspiration.5 This perspiration, along with other 
foreign  material,   coats   the   skin’s   surface.  When these friction ridge surfaces come in 
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contact with a suitable receiving substrate, an impression of the friction ridge detail may 
be transferred; very much like an ink-covered stamp imparting its detail on paper.   
According to research, friction ridges and furrows have evolved on the hands and feet to 
fulfill three specific functions: exudation of perspiration, tactile facility, and to provide a 
gripping surface.5 However, this specialized skin serves a human function beyond one 
that is biological; we have recognized the ability to identify an impression of friction 
ridge skin left on a surface to the area of skin from which it originated.  Additionally, 
such identification makes it possible to exclude other sources. 
The use of friction ridge skin to identify an individual is applicable to many domains but 
utilized primarily in the area of criminal forensic identification.6 The principle upon 
which identification can be established is uniqueness (no  two  individuals’  friction  ridge  
skin has the same arrangement of minutiae) and permanence (friction ridge skin is 
developed in utero and remains unchanged until death and until post-mortem 
decomposition sets in.  
History and Foundation 
It is possible that humans recognized the identification potential of friction ridge skin 
impressions thousands of years before their use in law enforcement.  The practice has 
roots spanning many cultures and continents.  Friction ridge skin impressions may have 
been used  as  proof  of  a  person’s  identity  in  China  as  early  as  300  BC,  and  the   
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European scientists began publishing their observations of human skin in the late 
seventeenth century.  Friction skin was first described in detail by English anatomist and 
physiologist Dr. Nehemiah Grew in 1684, marking the beginning of friction ridge skin 
formal observations and characterizations in the Western Hemisphere.6 
Europe recognized the uniqueness of friction ridge skin in 1788, when it was first 
commented on by German physician and anatomist J. C. A. Mayer.7  German 
anthropologist Hermann Welcker examined the permanence of friction ridge skin over 
time, printing his friction ridge skin in 1856 and 1897.  Noted scientist Sir William 
Herschel contributed to studies of permanence as well.  He moved to Bengal India in 
1853 to serve as the Administrator for the East India Company, was promoted in 1858 to 
become a member of Civil Service, and started using handprints as a signature on 
contracts for road building materials.6 
In 1874, Scottish physician Henry Faulds was establishing a hospital in Tokyo.  While 
walking along a beach he found pottery bearing friction ridge impressions and became 
extremely interested in fingerprints.5  He became the first to publish in a professional 
journal the value of friction ridge skin for identification purposes, emphasizing their use 
as evidence. 
By the 1900s, fingerprinting had established its worth in law enforcement. In 1894, 
Britain adopted fingerprint identification as a means of tracking habitual offenders.7  
Prior to having some means of identifying individuals, it was very difficult to detect 
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recidivism.8  In 1902, fingerprints were used to find Harry Jackson guilty of burglary, 
marking the first time that evidence of this type was used in a British courtroom.7  New 
York State Bureau of Prisons became the first to identify United States convicts with 
fingerprints in 1903.9,7 And in 1905, an elderly couple was discovered murdered in their 
shop in England.7  The only evidence recovered was a single fingerprint.  The print was 
used to solve the murders, changing the criminal justice system forever.   
The Friction Ridge Detail as Evidence  
Friction ridge development (recovery of friction ridge impressions from a surface) is 
achieved using a variety of optical, physical, and chemical processes.  The methods used 
depend on the matrix composition of the friction ridge detail (e.g., blood, grease, 
perspiration, etc.), the substrate that the print is on, and the type of impression being 
recovered.  Friction ridge impressions are categorized as latent, patent, or plastic 
impressions, though all three types are routinely referred to as a latent print.5   
The term latent means hidden or unseen.  Typically, a latent print is undetectable or 
difficult to see without some physical (dusting with powder) or chemical process to 
enhance the print residue.5  A patent print is one that is visible to the unaided eye.  An 
example of this type of impression is a print that is left in blood, paint, or ink.  A plastic 
print is a record of the three-dimensional aspects of a print, and is recorded when the 
raised friction ridges are physically pushed into a pliable surface, creating a mold of the 
friction ridge skin (such as in pottery clay).   See Figure 2 for an example of a patent and 
plastic print. 
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Figure 2  Examples of patent (left) and plastic (right) friction ridge prints.   
Source: Courtesy of Ioan Truta, Boston Police Department Latent Print Section (2012). 
Note:  Oblique lighting is used to capture friction ridge detail for plastic prints so that contrast is 
created with shadows in the furrows. 
 
 
 
Two main phases comprise the friction ridge evidence processing workflow.  They are 
the (1) examination/processing (the visualization of friction ridge detail with or without 
enhancement methods) with recovery phase and the (2) comparison phase.   
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Phase 1: Examination and Recovery of Evidentiary Friction Ridge Detail 
The goal of examining an item of evidence is to recover a latent print(s) of usable quality 
for comparison purposes at any step within this phase.  The following is and example of 
an approach at the most basic level.  
The examination of all evidence begins with a visual inspection. A good lighting source 
is needed to examine any type of impression, and oblique lighting is especially useful to 
search for and photograph a plastic impression. This is followed by an examination with 
an alternate light source (ALS).  The ALS is a lighting device that emits light at specified 
wavelengths10 to reveal possible inherent fluorescence within the print matrix or the 
background/substrate.  Lastly, the print may be chemically processed and/or dusted with 
powder (both approaches are potentially destructive to the substrate and/or target print).  
Otherwise, latent prints that are processed chemically can be photographed.  Prints 
processed with powder can be lifted with clear tape (or suitable lifting device), and if 
necessary preserved on a solid colored surface, such as paper, that allows adequate 
contrast with the powder.  Processes used for the development, recovery, and 
preservation of latent prints may vary as dictated by the nature of evidentiary materials 
and protocols under which an examiner operates.  Many of these processes are 
destructive to the original in situ print and/or the substrate upon which it resides; thus, a 
variation on processing of art for friction ridge detail is needed and is described in the 
section titled Examination of Cultural Heritage Artifacts: Current Research and 
Examination Using Terahertz Radiation. 
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The oldest form of fingerprint detection, and still in use today, uses powder/dusting, 
which involves the application of fine particles onto the fingerprint residue to create 
contrast with its background.11 The powder is composed of two elements, the binder and 
the colored pigment.12  The powder adheres to the print residue with the particles creating 
contrast with the residue background, and the binder acts as a carrier for the pigment. 
This is essentially a dry form of the paints used throughout history.  Some pigments used 
include inorganic oxides such as black ferric oxide, manganese dioxide, and titanium 
oxide (white).  As an alternative, aluminum flakes can be incorporated into a powder as 
the pigment.  Binders for such pigments might include cornstarch, rosin or gum Arabic.  
Specialized powders have been formulated to address varied substrates, backgrounds, and 
print matrices.  Adherence depends on the size and shape of the particles that comprise 
the powder formula.  Small particles adhere more easily than large ones; most 
formulations  are  comprised  of  fine  round  particles  1  μm  in  diameter  or  fine  flake  particles  
around  10  μm  in  diameter.11 Once again these particles are identical in size and character 
to the pigments used in fine art paints. 
The quality of the friction ridge information that is captured varies.  Some factors that 
contribute to quality are pressure of deposition, receiving surface, composition of print 
matrix, and environment.   
Phase 2: Friction Ridge Comparison Process and Conclusions 
During the comparison phase, recovered evidentiary prints are compared to exemplar 
prints.  With rare exceptions, within the legal domain, exemplar prints are intentionally 
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recorded friction ridge skin information, recovered from a known individual, in a 
controlled environment.  The standard fingerprint card, used by most law enforcement 
agencies, captures a separate rolled (from one side nail bed to the other side nail bed) 
impression for each designated finger or thumb, and a flat or plain impression of each 
palmar surface of the hand with fingers recorded simultaneously.  The flat impressions 
serve as a double-check to verify that the correct finger or thumb was recorded in its 
corresponding location on the card.13  Major Case or Complete Friction Ridge Exemplars 
record the palms in addition to the fingers.  This includes the sides of the palms, lower 
joints of the fingers, and the extreme tips of the fingers.  Friction ridge detail is either 
recorded with black ink, or digitally (technology has developed such that friction ridge 
detail may be recorded and stored through digital imaging). 
Information within friction ridge detail is categorized as Level 1, Level 2, or Level 3 (see 
examples with characteristic key words in Table 1).14  Level 1 describes the ridge “flow” 
or pattern types, including loops, whorls, and arches on the core (top front of a finger).  
Level 2 features refer primarily to Galton details or minutiae within the Level 1 patterns. 
Level 3 details are identifiable finer features, such as individual sweat pores and actual 
ridge contouring.  Level 1 alone does not contain sufficient information to uniquely 
identify fingerprints; however, one can reach a conclusion of exclusion (e.g., a whorl 
patterned evidentiary print compared to an exemplar set with only loops).  Moreover, a 
conclusion of exclusion means the friction ridge detail in question did not originate from 
the source produced in the exemplar set.  Level 2 detail (in sufficient quality and 
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quantity) can be used for identification or exclusion.  Level 3 detail elements can be used 
in addition to Level 2 detail and possibly when Level 2 detail is lacking in sufficiency.  
Like friction ridge details, the Level 2 detail of flexion creases (areas of firmer 
attachment to underlying skin) of the hands and feet are also unique and permanent, but 
less widely used alone for identification purposes.15 
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Table 1  Friction ridge impressions: Levels of detail. 
LEVEL 1: Ridge Flow (from core of finger or thumb tips) 
Whorl 
 
Loop 
 
Arch 
 
 
 
    
LEVEL 2: Minutiae and Creases 
Bifurcation 
 
Ending Ridge 
 
Dot 
 
Crease 
 
   
   
LEVEL 3: Ridge Edges and Pores 
Ridge with Pores 
(detail) 
 
  
Source: Images adapted from photos provided by Michael Bybelezer , Boston Police 
Department Latent Print Section (2012). 
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The Comparison Process and Conclusions 
Based   on   the   premises   of   uniqueness   and   permanence   of   an   individual’s   friction   ridge  
skin, it is accepted by the legal/forensic fingerprint community for identification.16  The 
scientific method is a general approach for all hypotheses testing, and the scientific 
methodology commonly employed by the fingerprint examiners is the ACE-V method: 
analysis (A), comparison (C), evaluation (E), and verification (V). 
The analysis phase involves the observation of the acquired data (i.e., levels of detail 
present, quality of information, and distortion).  The comparison phase tests the 
hypothesis (i.e., are the evidence print and the exemplar from the same source?).  Once 
adequate testing is complete, the evaluation of the data is preformed where a conclusion 
is reached (further discussion of the comparison and evaluation steps are included in the 
section titled Minimum Standard for Identification, below).  One of three conclusions is 
possible:  identification (the unknown and known samples originated from the same 
source), exclusion (the unknown and known samples did not originate from the same 
source) or inconclusive (the unknown cannot be included or excluded as originating from 
the same source as the known).  Some agencies are limited to two conclusions, 
identification or no identification.   
The last step is the verification phase, where all information, data, processes, and 
conclusions are open for peer review.  For quality assurance, some agencies perform a 
separate  ACE  as  the  verification  step,  where  the  first  examiner’s  conclusion  is  unknown 
to the second.  This approach strives to eliminate confirmation bias, a condition where the 
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second  examiner’s  decisions  are  affected  by  the  first.    Moreover,  the  second  examiner  has  
the potential to be influenced by expectations and ignore information that could reject 
their own observations.17 
Minimum Standard for Identification 
The Scientific Working Group on Friction Ridge Analysis Study and Technology 
(SWGFAST) guidelines define the friction ridge comparison conclusions resulting in an 
identification18 as the decision by an examiner that there are sufficient features in 
agreement to conclude that two areas of friction ridge impressions, with no unexplainable 
differences,  to  determine  the  prints  originated  from  the  same  source.    Identification  “of  an 
impression to one source is the decision that the likelihood the impression was made by 
another  (different)  source  is  so  remote  that  it  is  considered  as  a  practical  impossibility.”18 
There are varied standards used for an identification conclusion, and they may depend on 
an agency, jurisdiction, country, or even the type of crime committed.  Often, this refers 
to  a  “point  standard,”  that  is,  the  minimum  quantitative  threshold  of  Level  2  detail  that  is  
required in order to establish an identification conclusion. In actuality, the comparison 
and conclusion process is more than a tallying of Level 2 detail.  When performed 
properly, it is a thorough examination and comparison of corresponding features in a 
print based on the combined assessment of qualitative and quantitative information.  The 
examiner must take into consideration the totality of information, such as the type of 
detail(s), spatial relationship of details (such as intervening ridges between Level 2 
detail), direction of Level 2 details (such as a bifurcation pointing up or down) and the 
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shape of ridges and even pores.  Thus, this is a pursuit where the decision and conclusion 
is dependent on   a   human  decision   that   relies   on   the   practitioner’s   training,   experience,  
and skill.   
A standardization committee was convened by the International Association for 
Identification (IAI) in 1970 to determine the minimum number of points (at Level 2 
detail) required to establish a positive identification.   In 1973, a resolution was adopted 
that states, “no valid basis exists at this time for a pre-determined minimum number of 
friction ridge characteristics that must be present in two impressions in order to establish 
an   identification.”19 Consequently,   “no  minimum  number”  of  minutiae  are   required   for  
positive identification; this is still the general practice accepted in the United States 
unless an agency requires a standard of their own.  
Friction Ridge Databases 
In the 1970s, it became clear that friction ridge skin impressions were one of the most 
recovered forms of evidence at crime scenes.20  However, no matter how capable an 
examiner might be, such physical evidence could not be worth much unless it could be 
analyzed efficiently and utilized in a legal sense.  
Prior to the 1980s, exemplar prints were housed in physical files in large cataloguing 
cabinets and stored by a classification system.  There were several formal systems, and 
some agencies created their own.  To compare an evidentiary print to an exemplar, files 
had to be searched — by hand.  These catalogues continued to expand, making efforts 
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inefficient; almost impossible.  It was also difficult to search prints from other 
jurisdictions, unless there was information provided that such information should be 
shared.   
In the 1980s, technology was developed allowing for state repositories to collect 
exemplar fingerprints against which an evidentiary fingerprint could be digitally 
searched.  The Automated Fingerprint Identification System (AFIS) was established to 
automate and facilitate the searching process of such large and growing reference files.21 
This  was  followed  by  the  Federal  Bureau  of  Identification’s  (FBI)  implementation  of  an  
Integrated Automated Fingerprint Identification System (IAFIS), which integrates 
fingerprint records that have been sent by states and other territories.  This now allows for 
a repository that can be searched beyond a single agency.   
These search systems use a proprietary matching algorithm(s) to search plotted Level 2 
detail   in  an  “unknown”  search  print  against  the  previously plotted Level 2 detail within 
exemplar prints maintained in the database.  The number of candidates searched is 
narrowed by setting parameters such as pattern type (Level 1 detail), gender, age, and 
crime type. 
Today, newer systems are referred to as Automated Biometric Identification Systems 
(ABIS), because their search capabilities have been expanded to include additional 
biometric search aspects, mainly palm exemplar prints and palm.  Research has also been 
conducted on the use of Level 3 data extraction, for its use in automated searching for 
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fragmentary prints (prints with limited information).14  Using a combination of Level 3 
information with, and within the vicinity of, Level 2 detail in the search of a partial print 
could greatly enhance the accuracy of a result. 
Controversy 
Until 1993, the legal standard for admissibility for a scientific technique was general 
acceptance within the scientific community.  The traditional (and, up to that point, 
sufficient) response of examiners in the forensic friction ridge comparison discipline was 
to  state  that,  “no  two  fingerprints  have  ever  been  found  to  be  the  same  from  two  different  
sources.”22  In  1993,  Daubert  vs.  Merrell  Dow  Pharmaceuticals  enhanced  the  trial  judges’  
authority by giving them the role  of  “gatekeeper”  to  prevent  “junk  science”  from  making  
its way into the courtroom.  Furthermore, the evidence used had to be relevant, and the 
scientific principles or methodology used to reach a conclusion had to be reliable.  This 
brought new challenges to the discipline; the foundations upon which the examiner relied 
to assert uniqueness and thus conclude identifications were now in question.  
The assumption of uniqueness for any particular forensic feature has been questioned by 
many sources more rigorously in recent years. A National Academy of Sciences (NAS) 
report, published in 2009, concludes that “in most forensic science disciplines, no studies 
have been conducted of large populations to establish the uniqueness of marks or 
features.”23  Many, including academics who voiced this concern previously, feel that 
this brings into question the assertion of individuality of friction ridge skin (identification 
to one source to the exclusion of all others) which had been claimed by forensic 
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practitioners.  Additionally, many feel this claim cannot be proved. Thus, some assert that 
current conclusions using friction ridge comparisons are questionable.  It has been argued 
by proponents of the uniqueness concept that no one study ever proves any scientific 
matter beyond doubt.24 
The friction ridge comparison discipline is under even more scrutiny due to recent errors 
(including erroneous identifications and attribution of an evidentiary print to the wrong 
source) and a series of court admissibility challenges.25 As described above, the 
interpretation of forensic fingerprint evidence relies on the expertise of latent print 
examiners. Thus, there is concern that the accuracy of decisions made by latent print 
examiners has not been adequately examined and there is a call for a large-scale study.   
First convening in 1995, the SWGFAST board of professionals involved in the discipline 
have a mission to create consensus guidelines and standards for the forensic examination 
of friction ridge impressions.18  Additionally, its objectives strive to discuss and make 
available friction ridge examination methods and protocols, both encourage and evaluate 
research, and establish guidelines for quality assurance and quality control.  
Though guidelines have been set forth by SWGFAST, there are currently no set industry 
standards and no governing body to enforce them.  This means that training, 
documentation, and quality of work within the field varies.  
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When conducting a fingerprint comparison on an evidentiary print from a criminal case, 
the conclusions drawn are based on accepted practices within the boundaries of the 
forensic fingerprint and legal communities.  When friction ridge comparisons are 
practiced outside of this domain, such as in the area of art and source attribution, different 
standards can apply.  These differences may be made in conclusions taken into 
consideration with additional information, including provenance, limited possible 
sources, and overall painting style.  This topic is discussed in more detail in the section 
Fine Art, Fingerprints, and Forensic Science.  
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A VERY BRIEF HISTORY IN PAINTED ART:  FROM THE CAVE TO THE ITALIAN 
RENAISSANCE CANVAS 
Thirty thousand years ago, Paleolithic artists painted pictures of their 
hands over and over on the walls of the prehistoric Gargas cave in 
Southern France.  On the dusty rock and clay surfaces, in red and 
black paint, more than 150 impressions and stenciled outlines of their 
ancient palms and fingers survive.  Among them, the outline of one 
artist’s   hand   is   repeated   again   and   again.      Missing   two   fingers,  
probably   due   to   frostbite…the   stone-age   artist   left   behind…a   vibrant  
record of his existence.   –  Colin Beavan7   
Painted Caves to Medieval Times 
Expression through art is a uniquely human trait.  Art reflects the culture of the people 
who created it – the basis of their subsistence, their social organization, and their 
ceremonial life.26  The very content of a work and its location of recovery can reveal 
information about the time of creation and the person(s) who created it. 
Of all art forms, how did painting evolve?  Roman author and philosopher Pliny the Elder 
describes the origins painting in Book 35 of his encyclopedic work Naturalis Historia.27 
This  story  is  recounted  in  a  poem,  published  in  1801  by  Amelia  Opie,  about  the  “Maid  of  
Corinth,”   in  which   a drawing originates from the daughter of a Corinthian potter. The 
lady, to be separated from her lover, discovers she can preserve his likeness onto a wall 
by tracing the cast shadow of his face while he sleeps.  Yet, evidence demonstrates the 
origins of painting go much further back. 
The cave is the original art museum of humanity.  The oldest known work of art, two 
engraved ochre sticks decorated with crisscrossed lines forming geometric patterns, was 
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discovered in Blombos Cave on the southern Cape coast of South Africa, and has been 
dated to c. 77,000 BC.1   
Primitive man eventually discovered that some materials worked well when mixed with a 
medium, like saliva or water, thus paints were created.28  Painters used pigments 
available near where they lived.  These so-called earth pigments were yellow ochre, red 
ochre, and black (created from the soot of burning animal fat and charcoal from the fire).  
With water used as a binding agent, these pigments could be sprayed by mouth or painted 
onto the surface with fingers.  The earliest known hand-painted images found on cave 
walls date  back  to  c.  40,000  BC,  and  were  discovered  at  the  site  of  Ubirr  in  Australia’s  
Northern Territory.  Images of hand stencils on cave walls are depicted in Figure 3 .29  
The horse, facing right, is dated to 24,700 years old.30  Some experts propose that art in a 
pre-state society, such as cave painting, had a magical purpose; it may have been created 
to express communal beliefs and played a part in communal rituals.1  
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States with clear hierarchies of power emerged during early Mesopotamian and Egyptian 
civilizations.1  Art served wealth, power, and organized religion; content depicted status, 
conquests, gods, and the pictorial recounting of religious myths.  During this period, 
work is considered collective art  –  individual style and innovation appear to be absent.  
Nonetheless, even to the modern eye, the art was exquisitely crafted.  
 
Figure 3 Cave painting examples from Borneo and France.29  
Notes: Top: 200 hand stencils on the cave wall of Gua Tewet, Borneo. 
Bottom: Six black hand stencils associated with the Spotted Horse mural in Pech-
Merle, France. 
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Modern individualism (mid fourth century BC) flourished among the trading and farming 
peoples of the Mediterranean (Greeks, Phoenicians, Etruscans, Romans), and named 
artists were celebrated for their achievements.1  This period introduced a broader class of 
art consumer, exemplified by the prosperous citizens. Particularly notable are those 
patrons known from the cities of Pompeii and Herculaneum where the ruins of their 
homes have preserved the art within due to the covering of ash and dust from the historic 
volcanic eruption of Mt. Vesuvius.  Landscape, portraiture, still life, animal painting, and 
depictions of events from mythology were used to beautify these homes.  
During the Medieval age, from the fourth to the thirteenth centuries, the “art” of painting 
was influenced by religion and how individuals saw themselves in the world; the human 
body was represented schematically, out of proportion  –  unrealistically.31  Art was 
largely at the behest of the Catholic Church.1  Above all, this period depicted religious 
art; serious, limited to biblical stories and persons, and purged of individualism.  
Romanesque art appeared in the eleventh century, with paintings that appeared still 
impersonal and religious, while the late Romanesque period produced a freer, more 
individual form, a prelude to Gothic art.31 
From the twelfth through the thirteenth century in Eastern Europe, a slow but discernible 
stylistic movement toward three-dimensional naturalism developed.  Giotto di Bondone, 
a painter and architect, (c. 1270-1337) is considered one of the founders of the central 
tradition of Western painting that led to the Renaissance.32  His style reflected real an 
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observation of the natural world and marked a decisive break with the Byzantine 
tradition.31  
Oil Paints 
In the year 1410, a young Flemish painter, Jan van Eyck, formulated his own oil paints.  
Up to this point, people had painted in egg yolk-based tempera on wood boards.31 Yet, 
oils may have been used before, at least in varnishes.33 van Eyck began painting with 
“white Bruges   varnish”   and   linseed   oil,  mixing the same pigments he had used to tint 
tempera.  These new paints performed in various improved ways over tempera – such as 
providing extended drying times – van Eyck had discovered the ideal painting medium.31 
Van Eyck headed a movement rebelling against the conventions of Gothic painting, 
spreading  the  idea  that  the  “men  and  women,  the  trees  and  the  fields  should  be  painted  as  
they really  are.”31  Instead of flat images, and more abstract representations of form like 
those created by artists of an earlier generation, van Eyck painted realistic subjects by 
expressing a new naturalism and a new paint medium that enhanced the illusion of 
reality.   
The Renaissance 
The city-state of Florence, in what is now Italy, gave birth to the Renaissance in the 
fifteenth and sixteenth centuries, generally dating from 1400-1600.  Literally meaning 
“rebirth,”   the   Renaissance   refers   to   a   revived   interest   in the intellectual and artistic 
traditions of ancient Greece and Rome.1  Humanism blossomed, and humanity and 
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human achievement were celebrated – man gradually began to be recognized as the 
center of all things.  Religion was still a paramount, but the horizon of the fifteenth 
century began to offer a different view of man and his place in the world.34 Knowledge 
was sought from every source, and manifested in the arts; they turned to the earth not 
only to study form and feature but also to learn perspective, light, shadow, and color as 
well. 
Renaissance painters began painting with oil media in the 15th century.32  The new 
medium proved to be popular and the previous medium of egg tempura was almost 
entirely abandoned by the beginning of the 16th century. Though no single factor can 
explain the artistic flowering of Florence experienced at the beginning of the 
Renaissance, it is clear that there were many innovative contributions.  Linear 
perspective, a technique that suggests three-dimensional depth on a flat surface, was 
created.1  The human form is represented with great accuracy as depicted in the drawings 
and anatomical studies of Leonardo da Vinci.  The creation of new painting techniques 
and innovations in perspective enabled the artists to faithfully depict the world around 
them.   
It was necessary that the cultivation of great ideas and art would begin in a center of great 
wealth – support and patronage from the rich (for the arts and artists) enabled this period 
of intense artistic activity to continue.1  New strategies and styles of representation were 
expected, and the theory of the original genius in an artist emerged; one could attain star 
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status, and patrons competed to employ top names.  The rise of oil paints as media had 
arrived. 
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OIL PAINTING: CHANGING TECHNIQUE AND MATERIALS 
This discussion applies to European and American easel painting from the material on 
which it is painted and progressing to the varnish layer.  The technological principles 
were held relatively strictly in old European oil paintings.  Starting with ground layers to 
prepare the surface of a panel or canvas the artists then applied closely related techniques 
and materials in the subsequent painting.35 
Four strata exist in the typical painting:  the support, the ground (or priming), the paint 
(or design layer(s)), and the varnish, see Figure 4.  Each represents a different structural 
unit in a picture and can be considered – and thus potentially examined – separately.36  
The appearance of a painting is affected by the composition and condition of each 
layer.37  
 
Figure 4 Strata within an oil painting.  
Source: Created by Karl Turkel (September 7, 2012), based on Chilvers.13 
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The Support 
The support is the material upon which a painting is executed, and may be canvas, wood 
panel, paper, or some other substance.32  Though the support can be almost any material, 
this discussion involves fabric, or a canvas.  A canvas is a woven support used for 
painting, and is the most common support used today. The best-quality canvas is made of 
linen; other materials used are cotton, hemp, and jute.  Though the term canvas properly 
describes a coarse or sturdy fabric, such as that used for tents or sails, it has practically 
become a synonymous with the oil painting itself.32  
The Ground and Preparatory Layers 
The ground is the stratum between the support and the painted design, and may consist of 
multiple layers.  It is important to note, there is really no set terminology for the ground, 
and priming is often used more or less synonymously with ground.  However, it is 
sometimes used more specifically to mean a final layer of preparatory coating.32  Despite 
terminology, the ground and primer provide physical and aesthetic functions, which serve 
to isolate the fabric from the paint to prevent chemical interaction, create a less absorbent 
support, provide a satisfactory working surface and control the color, luminosity and 
texture of the painted image.36,32  
Generally, the first step is to coat the canvas with size – animal glue – that seals the 
canvas and creates a bond between the support and the rest of the ground.32  This is 
followed by the plaster or gesso – a term used loosely to define any white substance that 
can be mixed with water and consists of pigments in a binding medium composed of inert 
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solids, such as gypsum, whiting, or chalk and suspended in oil or glue.32  The preparation 
is completed with the addition of the primer. 
Priming materials might include: boles (colored clays, ranging from red to pale ochre), 
shellac, or drying oils.  The priming layer may provide modification of the color, texture, 
and absorbency to the gesso layer.37 The term imprimatura is sometimes used to define 
the, typically, monochromatic-tinted, oil-based priming layer.  Some art experts do not 
consider imprimatura as part of the ground, but the underpainting. Still, both are 
composed of an oil-tinted layer, but the latter defines a process whereby this material is 
used to sketch the composition.   
It is worth mentioning that the ground could create a textured effect by granular additives 
or by method of application, such as the use of a coarse brush, manipulating materials 
with a tool, or patting with the fingers or palms.  If available, an artist might opt to have a 
worker prepare and prime a canvas, do it himself, or purchase a pre-primed support from 
a commercial supplier.37  Yet, here is a case where the painter is preparing the canvas 
with direct contact of the hands to the support.   
Aside from underpaintings, compositions could consist of an underdrawing or pouncing.  
An underdrawing is a sketch, typically made with a carbon-based material.38 Pouncing is 
a technique where a drawing (or stencil) from a piece of paper is transferred to another 
surface: tiny holes are pricked into the paper along the drawn lines, the paper is placed on 
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the canvas, and the pricked holes are then rubbed with charcoal, leaving dotted lines of 
the drawing behind.32 
The Paint Layers (Design Layers) 
Oil-based paints consist of dry pigments ground with natural drying oils as the medium; 
linseed oil is the most common.  Yet others, such as poppy and walnut oils, can be used 
as well.32  The range of colors used (or palette) by the artist is dependent on availability, 
expense,   and   personal   preference.      The   design   layer(s)   paint,   makes   up   the   “picture”  
aspect of the painting and usually consists of lead white in addition to the other pigments, 
and is still used today.39 
The Varnish Layer 
The varnish is the final layer and serves to alter the appearance of the painted surface – 
adding richness to color – and to provide protection.  Traditionally, resins (sap secreted 
from trees) can be used as varnish, but shellac (insect secretions) can also be applied.40  
Sometimes varnish is added to paint, but can also be used between paint layers in order to 
isolate the layers, or as glazing.37  Traditional varnishes can be applied with a brush, 
sponge, or by the hands.   
Generally,   the  varnish   layer  has  been  considered   separate   from   the  artist’s  work  and   is  
usually  applied  over  a  year  after   the  work’s  completion;;  oil  paints  expand  and  contract  
while drying, and the premature addition of varnish may cause cracking.40  By the 
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nineteenth century, such professionals as a colormen (someone who mixed ready-made 
paint)  were  often  tasked  with  the  application  of  an  artwork’s  varnish.   
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ART CRIME AND UNATTRIBUTED ARTIFACTS OF CULTURAL HERITAGE 
Works of art are the property of mankind and ownership carries with it 
the obligation to preserve them.  He who neglects this duty...will be 
punished with the contempt of all educated people, now and into the 
future.   –  Attributed to J.W. von Goethe41  
Throughout history, man has been fascinated by beautiful art and even obsessed with 
those works considered exceptional; masterpieces.  As historian John Stubbs notes, more 
than mere beauty, art is rich in symbolic meaning, and for early civilizations, it was 
something to be worshiped, idolized – it was divine.42  Today, art may not have the same 
power over its viewer as it once did.  Yet its power remains and resides within us, 
collectively.    Works,  so  revered  that  they  are  masterpieces,  are  a  record  of  man’s  greatest  
feats; they are exceptional moments in history. 
 Art Crime  
Just behind drug trafficking and illegal weapons trade, the illicit trade in works of art has 
become the third highest-grossing transnational crime since the Second World War.42  
Although hard to track with precision, art crime is estimated to bring profits as high as $6 
billion annually.   
The astonishing value of artwork has no doubt led to the rise in art crime.  Though 
paintings and other media from the great masters have always been considered 
“priceless,”  market  values have soared since the mid-twentieth century.43  Of course, art 
theft of Impressionist works was known in the 1960s and 1970s, but a drastic upturn in 
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theft trended after the legitimate sales of several Van   Gogh’s   painting brought sellers 
astronomic prices in the 1980s and 1990s.43 
A  new  public   interest   in   the  value  of  art   took  hold   in  1958  with   the  sale  of  Cezanne’s,  
Boy in Red Vest, for $616,000 dollars at  a  Sotheby’s  auction house in London, with the 
sale generating attention in the press.44  By the 1980s, paintings were selling for seven 
figures, but now making headlines.  Such publicity elevated long-dead artists to celebrity 
status,  especially  the  Impressionists.    Van  Gogh’s  Irises sold for $49 million in 1989, and 
a year later his Portrait of Dr. Gachet sold for $82 million.  As if there could be no upper 
limit,  Pollock’s  No. 5, 1948 sold for $149  million  and  de  Kooning’s  Woman III sold for 
an astounding $137.5 million in 2006.  
Regarded as the greatest unsolved art crime in history, the Isabella Stewart Gardner 
Museum in Boston, Massachusetts was robbed on the night of March 18, 1990 by two 
men dressed as Boston Police Officers.43,44  The thieves made away with thirteen 
masterworks, including pieces by Vermeer and Rembrandt.  Today, the stolen art is 
valued at over $500 million.44  The theft marked the beginning of a bolder era in art 
crime.  Globally, over $1 billion in painted artwork were stolen from museums between 
1990 and 2005.43   
It is interesting to note that the very painting (Boy in Red Vest),  that  sparked  the  public’s  
attention for a trend in high priced art sales, was stolen along with three other 
masterpieces from a private collection in Zurich in 2008.45 This piece was recently 
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recovered from thieves in April 2012.  Today, Boy in Red Vest is valued at $109 million 
dollars. 
Approximately 75 percent of art crime involves unknown antiquities.42  Typically, such 
items remain buried until are they are dug up by pothunters and tomb raiders, and 
because there are no records for these items, they are the most difficult to trace and 
recover.  
After the U.S. and  coalition’s  invasion  of  Iraq  in  2003,  looting and lawlessness in Iraq’s  
National Museum and at unprotected archeological sites resulted in the loss of many 
artifacts stolen from across Iraq – a land so ancient it is considered by many scholars as 
the birthplace of civilization.46  If never recovered, these items, material remains of 
human activity common to all mankind, will forever be lost.  If recovered, such items 
require examinations to reveal and restore information as to authenticity and 
undocumented past.  
Each year, legitimate art brings tens of billions of dollars to the global market – 40 
percent of sales are in the United States.43  With so much money at stake, it is not 
surprising that art and antiquities attracts criminal activity; these items are easier to 
smuggle than cash or drugs, with value that can be readily converted to any currency—if 
you know the right people or the client is a collector. Although, “unloading” recognizable 
works of art is more difficult, it may be possible if the work appears to have a legitimate 
pedigree – if, say, it was accompanied by forged paperwork showing provenance.  
36 
 
Provenance is the record of ownership for a movable piece of art, accounting for its 
whereabouts from its creation to the present day.32 
Forgery 
The act of forgery is easy to define: it is the creation of a work of art with the intent to 
deceive.47  Forgeries of art date back centuries, and while many experts agree that the 
presence of intent defines forgery, few agree on the motivation – greed, egotism, 
frustration.  Regardless, there seems to be a relationship between production of forgeries 
and the public demand for a particular kind of art.  
Starting in the nineteenth century, centering around Rome and the Vatican, there was an 
increasing demand for art and antiquities brought forth a suspicious increase in the 
nation’s   supply   of   art.47  An international demand for art boomed throughout the 
nineteenth and early twentieth centuries – bringing customers from Germany, France and 
the United States, thus setting some of the foundations for the nineteenth century markets 
and the rise of museums.  As the demand for art increased, so did the forgeries.  As the 
forgeries increased, a rise in connoisseurship followed.  
One  of   history’s  most   notable   accounts   of   art   forgery   involves   fake  Vermeer  paintings  
(art pieces in the likeness of Vermeer) painted by Han van Meegeren and sold to one of 
the top Nazi leaders, Hermann Göring – who was also a fanatical art collector.48  Van 
Meegeren, a con man, went to great efforts to duplicate the technical aspects of the 
original artist; he took great care and performed research to ensure the painting behaved 
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and looked as it should.49  He chose materials that would pass standard tests. For 
example, he used lead-white paint instead of zinc-white (invented around 1845), and 
went to great lengths to make the paintings appear old.  He haunted galleries in Holland, 
searching for genuine seventeenth century paintings, from which he would scrape the 
original work before painting his own, as X-ray examination might reveal a painting that 
someone could identify.  His last forgery, Washing  of   the  Christ’s  Feet (in the style of 
Vermeer), was sold to the Nazis regime for 1.3 million guldens (several million Euros 
today) during the German occupation.  
Hermann Göring and other high-ranking Nazis were responsible for looting masterworks 
of art from leading public museums and private collections throughout Europe, during the 
time of the Third Reich.49  The  Nazi’s   acquired   the   work   of   such  modern  masters   as 
Picasso  and  van  Gogh,  only  to  banish  these  artists’  works  from  Germany  as  “degenerate  
art,”   though   they   were   aware   that   the   pieces might be a convenient means of raising 
money for the Reich, if needed.50  In the end, only a portion of the German-owned 
paintings were recovered by the Allies, although works of art and antiquities that had 
been seized by the Nazis continue to be discovered.50  Because provenance is now lost or 
cannot be established on some of these unrecovered works of art, it stands to reason that 
some pieces discovered in the future will need to be examined for source attribution.  
The Historical Value of Art, and the Victims of Art Crime 
If  one  were  to  guess  just  how  many  works  of  art   in   the  world’s  major  art  museums  are  
fakes, it would be difficult – it would be difficult to guess precisely because there are 
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forgeries.51  Art forgery and art theft are typically motivated by money, so the most 
obvious victims are the buyers or owners.  Perhaps this is the reason art heists from a 
large museum or the victimization of a multi-millionaire who could afford such work is 
difficult to pity.  So, what is the harm? 
Forgeries, it is safe to say, unwittingly hang on public and private museum walls.51  The 
dilemma with forgeries is not that they are not beautiful, but that they lack originality, 
and it is not an issue of aesthetics but of historical matter.  The forgery misrepresents art 
history, and thus our sense of cultural reality.  In addition to the victim of forgery (the 
unwitting buyer), all who view the art are victims too – our history has thus been revised.  
Art forgery also claims a unique victim, the artist.  
Collaborative Efforts Among Experts 
A practitioner of art connoisseurship may be called upon to attribute authorship, validate 
authenticity and appraise the quality of a painted work.  The connoisseur accomplishes 
this by making a judgment informed by intuition that is grounded in experience.  This 
experience is based on a repeated study  of  an  artist’s  work,  allowing  such  familiarity  with  
their style and technique, that it can be easily recognized.52  
An art conservator is engaged in the preservation of cultural heritage artifacts using 
methods that prove effective in keeping those properties in as close to its original 
condition as possible for as long as possible.53  Conservators routinely use chemical and 
scientific analyses in order to examine an object’s   condition,   understand   its   material  
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composition, and assess physical requirements in order to decide upon an appropriate 
conservation strategy. 
There are those of the opinion that science cannot provide definitive results as far as 
attributions are concerned other than proving certain materials in the artwork could not 
have been used at certain periods.  While others are of the opinion that connoisseurship as 
an expertise is too subjective in nature.  However, connoisseurship and art conservative 
science have something valuable to offer each other. 
How often does science come into play when authenticating works of art?  Thomas 
Hoving, the former director of the New  York’s  Metropolitan Museum of Art and expert 
on counterfeits, asserts that,  “Nobody  bothers  to  take  the  time  or  spend  the  money  to  go  
to  the  scientists.”49  He explains the problem with scientific tests is not necessarily their 
expense but that they seldom deliver clear-cut answers they seem to promise,  “We turn to 
science to free ourselves from the fallible judgments of human experts, and we find that 
the scientific tests themselves require human interpretation.”49   
He addresses another issue, and explains that science has another shortcoming when it 
comes to art.  He states that science can unmask a fake-scientists can demote a painting, 
but only connoisseurs can promote one.49  He supports his claim with an example of a 
counterfeit Rembrandt; if scientific examination confirms it is painted on a wood panel 
from 1950, it cannot be authentic.  However, a painting can pass a myriad of scientific 
tests – with paint from the correct era, frame constructed with the appropriate wood, X-
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ray and infrared examinations as they should be – and  the  painting’s  origin  would  still  be  
stuck in limbo.  These tests can support authenticity, but they cannot prove it 
conclusively. 
Neither connoisseurship nor the science of art conservators is infallible or without 
weaknesses.  As with any tool, the effectiveness of these disciplines is based on the 
abilities of the person using it and understanding the inherent limitations of each.  It is not 
that science or scholarship is superior, it is how the tools are applied.52   
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FINE ART, FINGERPRINTS, AND FORENSIC SCIENCE 
Much of forensic science is based on Locard’s   exchange   principle, named for Dr. 
Edmond Locard (1877-1966), which essentially states: whenever two objects come in 
contact with one another, a transfer of material will occur.54  For example, if a burglar 
breaks into a house by prying open a window with a screwdriver, there is the potential for 
an exchange of material.  The flat head of the screwdriver may be recorded as an 
impression in the wood of the window frame – and left behind at the scene of the crime.  
Conversely, paint chips loosened from the windowsill could be transferred to and remain 
on the tool used to open it.  When these types of materials are recovered, they can be used 
to make intimate linkages, and they are commonly called physical evidence.  Fingerprints 
recovered from the scene are also a form of physical evidence.  Using the burglary 
example, the perpetrator may at some point place his hand on the window glass, thereby 
leaving a record of his friction ridge skin.  Thus exists the opportunity to recover the print 
impression as physical evidence – enabling experts to associate the perpetrator with the 
crime.  
The artist also has an intimate connection with his work – manifesting in tangible form 
the concepts conceived in the mind.  His connection to the work is not just mental, but 
physical, too; using his hands to grind and mix pigments into paint, prime the support, 
and paint the subject.  He makes contact.  Not just a momentary contact as the burglar but 
repeated  contact  with  the  art’s  surface.  This connection may take place over hours, days 
– in some cases years – before his work is finished.  For this reason, we can draw an 
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analogy between a painted work of art and a crime scene.  When the artist makes contact 
with his work, there is an exchange of material.   
In the past, routine examinations conducted by experts in art: conservators, historians, 
and the like, have revealed instances of friction ridge detail recorded in and on works of 
art.  More recently, experts in the forensic science domain have been sought to examine 
paintings for friction ridge detail or detail previously recovered in the effort to 
authenticate a piece of art. 
Unlike evidentiary material, works of art cannot be subjected to most techniques utilized 
for the processing and recovery of friction ridge detail in the forensic setting.  Chemical 
and dusting methods are invasive, potentially destructive, and may alter works of art.  
Thus, methods must be employed that are non-invasive and non-destructive.  The 
processing and recovery phase for works of art involve a visual examination of surfaces 
(front and back), utilizing direct and oblique visible light, for prints that are patent 
(potentially visible in paint or some other medium on a surface in two-dimensions) or 
plastic (impressed into a painted surface in three-dimensions).   Alternate light sources 
are used to examine various layers for latent, plastic, and patent prints in subsurface 
layers of paint.  Appropriate photography and other non-invasive and non-destructive 
image capturing methods may be used for recovery of friction ridge detail. 
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Fingerprints in the Practice of Making Art 
As described previously, artists use their hands in the application of materials, to remove 
excess paint from a surface, or even to execute a specific technique. Finding friction ridge 
detail on or within the painting is not a possibility but a probability, as examples have 
been found in masterworks.   
Restoration of Virgin of the Rocks, by Leonardo da Vinci, began in November 2008.55  
Such restorations often involve a wide range of research activities that include curators, 
scientists, and restorers working together.  Examinations of a painting allow for 
restoration efforts to be properly informed, and it is necessary to understand the materials 
of which a painting is composed before choosing materials to be applied in restorative 
efforts.  In the case of this da Vinci work, an examination with X-ray radiography 
revealed two underdrawings (it appears da Vinci decided to change the composition).  
The x-radiograph shows a palm print and fingerprints, which are likely in the second 
priming layer, and most likely left behind as a result of manipulation of materials during 
application.55 
Though  few  literary  sources  were  found  that  discuss  “touch”  in  the arts, Elizabeth Harvey 
notes that applying and blending oil directly on the canvas with the hand became a 
technique used by painters of the late fifteenth and early sixteenth centuries.56  Leonardo 
da Vinci appears to have employed such methods in his own work, and it has been 
observed in and recorded in documentation in some of his earlier paintings, such as  
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Baptism of Christ, St. Jerome, Adoration of the Magi, and Ginevra   de’Benci.      In this 
work, da Vinci: 
…  used his fingers and the butt of his hand as if they were brushes, 
sometimes dragging them across the tacky surface of nearly dry paint 
and sometime punctuating a stroke with his fingers. In Ginevra 
de’Benci, Leonardo could soften the transitions from land to water from 
the outer branches of the juniper bush to the surrounding sky and from 
face  to  hair…Leonardo  achieves  through  a  literal  modeling  and  shaping  
of the paint those tonal effects, especially sfumato that suffuse the 
entire surface in his later paintings. Practiced in his early works, finger-
painting serves as a transition from pictorial sensibility rooted in the 
contour line and saturation and contrast of colors to create relief (more 
often practiced in tempera paint) to one in which shadow and highlight 
suggest forms through a gradual building up of the surface with an 
application of glazes.56 
Examination seems to confirm that this finger-painting technique was a normal method of 
masters during the transition period from the old tempera techniques to what would 
become modern oil painting, from around the last quarter of the fifteenth century to about 
the first quarter of the sixteenth century.37 
In addition to finding friction ridge detail in other works by Leonardo da Vinci – notably 
Madonna and Child, Baptism of Christ, St. Jerome and Annunciation – such evidence has 
been  found  in  other  artist’s  painted  works.37  Just one example of another master leaving 
his mark in oil are the friction fingerprints that have been noted in unfinished areas, 
presumably  underpaint,  of  Michelangelo’s  Entombment.   
The use of fingers and hands, however, is in no way limited to the Renaissance.  Jackson 
Pollock (1912-1956), an American painter and part of the abstract expressionist 
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movement, is known to have left prominent handprints in his work (see example from 
Number 1A, 1948, shown in Figure 5).37  In this example, it is difficult to determine 
whether prints in this image could actually be used for comparison purposes.  Though the 
photograph was not taken with the end goal of capturing friction ridge detail of 
comparison quality, there are creases apparent, within two of the three palm impressions 
shown,   and   this   author’s   opinion   is   that   they   may   be   suitable   for   comparison to an 
exemplar set. 
Copyrighted material removed. 
Figure 5 Detail  of  Jackson  Pollock’s  1A, 1948 with hand impressions. 57 
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The Concept of Stratigraphy and the Laws of Superposition  
Stratigraphy is a term derived from Geology in which the stratification of rocks 
(superimposed layers) is explained as events of deposition over time.58  Applied to 
Archeology, stratigraphy describes the layered pattern of archaeological deposits, where 
strata containing cultural materials within the site have been deposited successively, one 
over another.  Based on the concept of stratification, sequences of layered deposits are 
used by archeologists for dating cultural materials occurring relatively to other deposits. 
The  “law  of  superposition” as it applies to geology, is this principle of strata where like 
lies upon like, and suggests that earlier deposits underlie later ones.  This allows for the 
age of earlier strata to be assigned.58  Moreover, if the uppermost levels are undisturbed, 
the lowermost level of the stratigraphic sequence was deposited earlier in time than the 
materials occurring in the strata lying above. 
This concept can extend to the examination of painted works of art, where successive 
layers of paint, like soil deposits, are built one upon the other.  Assumptions can be made 
about the integrity and time of deposition of the underpainted layer, especially when 
successive layers above it are intact.  Thus, friction ridge detail found in the 
underpainting can provide the examiner a great deal of confidence as to the relative time 
of deposition and its possible contributor(s), but does not provide a date.  This is unlike 
surfaces or some successive layers (such as varnish or top design layers), which may be 
subject to removal, refurbishing   and   handling   years   or   even   centuries   after   the  work’s  
creation. 
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THE ELECTROMAGNETIC SPECTRUM AND TERAHERTZ RADIATION 
The electromagnetic spectrum is a continuum of all known electromagnetic radiation 
arranged according to their wavelength and frequency.  Electromagnetic waves are all 
similar except for their characteristics of wavelength and frequency.59  The distinction is 
important however, as these factors affect electromagnetic energy behavior, and 
determines whether the energy is useful to our purpose.  Historically, charts show the 
spectrum as having sharp lines dividing each region into neat bands – in reality, 
boundaries are not so well defined, and named regions often overlap.  Traditionally, 
electromagnetic radiation was broadly classified into the following ranges: gamma, X-
ray, ultraviolet, visible light, infrared, microwave, and radio waves.  At one end of the 
spectrum (shortest wavelength and highest frequency) are gamma rays and at the other 
end (longest wavelength and lowest frequency) are radio waves.     
Not all of the spectrum has been detected.  These holes in our knowledge of the spectrum 
are sometimes referred to as gaps.  One such gap, the terahertz (THz)  band  or  “THz gap,”  
describes waves in the spectrum between a frequency of 0.1 and 10 THz, with 
corresponding wavelengths from 3,000 to 30 μm, respectively has recently been 
revealed.60  Once known as the far-infrared band, THz radiation actually lies between the 
infrared and microwave regions, as depicted in the red-circled area in Figure 6.61  
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Terahertz Signals 
The  THz  “gap”  is  so  named  because  it  is  a  range  flanked  by  the  better-understood regions 
at its electronic (low-frequency) and optical (high-frequency) ends, and due to a relative 
lack of convenient and inexpensive sources and detectors for these waves.62  However, 
the last 20 years have brought significant pioneering advancements due to scientific 
curiosity and the recognized potential applications of THz waves.61  Research ushered 
forth the development of ultrafast optical techniques, the manufacturing of semi-
insulating semiconductors, and micromachining techniques and nanotechnology.60  
Better sensing capabilities of already existing detectors in the visible and near IR-range 
have also been exploited by converting THz frequencies to optical frequencies for 
Decreasing Wavelength  
 
Increasing Frequency  
Figure 6 Electromagnetic  spectrum  including  the  “Terahertz  Gap”  
range.66  
Note:  THz region lies in between electronic and optic (photonic) regions. 
Y-axis shows the approximate year of discovery of already-familiar regions. 
The red-crayon loop indicates the Terahertz Gap. 
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subsequent detection.63  Though in its infancy, THz research and technology seems to be 
emerging onto the scene at a rapid pace, with applications for a seemingly limitless 
number of fields.  
Interest has grown out of the natural overlap between the electronic and optic where THz 
bridges the far-infrared to microwave regions.61  As such, neither conventional optical 
nor microwave techniques are directly applicable to the THz band, as optical wavelengths 
are too short and microwave wavelengths are too long.60  These unique qualities of THz 
radiation give rise to potential applications such as imaging, spectroscopy, and three-
dimensional mapping.61 It should be noted that, though the entire THz spectrum lies 
between 0.1 and 10 THz, THz waves in the spectral range are now functionally 
considered to be those with frequencies between 1.0 and 10 THz.60  
THz radiation is non-ionizing and interacts weakly with materials composed of non-polar 
molecules, making it relatively safe on biotic organisms.64  The radiation is sensitive to 
polar molecules (such as water) and reflected by most metals.  THz radiation passes 
through various objects (similar to radio waves) that are opaque to the visible and 
infrared range (such as paper, plastic, and plaster) while also having the ability to image 
substances (as X-rays do).65  THz waves are characterized by moderate transmission, as 
well as moderate absorption because THz waves lack the excessive penetrative strength 
of X-rays (which render objects of lesser densities invisible).  Thus, THz waves can 
reveal objects too transparent in the x-radiation range.  In addition to imaging through 
materials, spectroscopic information with THz can discern the composition of materials 
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within, as THz radiation has sufficient energy to promote rotations and vibrations of 
molecules.64  This allows molecular identifications to be made, even though the subject is 
not physically in contact or exposed.  For example, it is possible to characterize a white 
powder through a plastic bag to determine whether it is sugar or a drug.66 
Terahertz rays do not present the risks of irradiation that X-rays do (to people, paintings, 
or other cultural heritage artifacts, for example), allowing for techniques using this range 
of radiation that are non-invasive, non-destructive, and non-contact.67  Because THz can 
“see   through”   many   common   materials   and   textiles,   THz   waves   are   well   suited   for  
security screenings for passengers in airport terminals or imaging through packaged 
materials.64 
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EXAMINATION OF CULTURAL HERITAGE ARTIFACTS: CURRENT RESEARCH AND 
EXAMINATION USING TERAHERTZ RADIATION 
Wherever he steps, whatever he touches, whatever he leaves, even 
unconsciously, will serve as a silent witness against him.  Not only his 
fingerprints or his footprints, but his hair, the fibers from his clothes, 
the glass he breaks, the tool mark he leaves, the paint he scratches, the 
blood or semen he deposits or collects.  All of these and more, bear 
mute witness against him.  This is evidence that does not forget.  It is 
not confused by the excitement of the moment.  It is not absent because 
human witnesses are.  It is factual evidence.  Physical evidence cannot 
be wrong, it cannot perjure itself, it cannot be wholly absent.  Only 
human failure to find it, study and understand it, can diminish its value.   
–  Paul Kirk68 
Conventional Methods for Examination of Cultural Heritage Artifacts 
Various ranges of the electromagnetic spectrum are being used to examine works of art, 
providing  information  of  a  painting’s  stratigraphy.    Some  of  these  ranges  include:  visible  
light (VIS), ultraviolet (UV), infrared reflectography (IRR), and X-ray radiography 
(XRR).  Each range of wavelengths penetrates the painting at different layers (depending 
on the materials used).  These are non-invasive tests that, traditionally, can be 
complemented with the analysis of cross-sectioned samples (an invasive technique).38  
Though well-established evaluation tools, these methods have limitations as well.  Their 
accompanying spectroscopic methods require paint samples, which are destructive and 
only provide a portion of the entire painting’s  stratigraphy.  Table 2 highlights aspects of 
conventional methods used for the examination of a painting. 
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Table 2 Conventional methods used for the examination of a painting.37 
Technique Penetration 
Depth 
Information 
Provided 
Interaction  
UV  Varnish  Surface 
condition 
 Retouching  
 Organic compounds detected 
 Later restorations appear darker 
than original varnish that has aged 
 Oil paint can be detected on top of 
varnish because oil paints do not 
fluoresce 
VIS  Design 
Layer 
 Aesthetics 
 Style 
 All visible 
information that 
can be gleaned 
 Normal light (ambient) 
 Oblique light (light at shallow angles 
to reveal surface defects, distortions 
of the support and craquelure) 
IRR  Ground  Underdrawing   Easily passes through most 
pigments 
 Some pigments such as lead-white 
become transparent 
 Detects carbon-containing pigments 
on light ground 
 IR is absorbed by charcoal and 
reflected by white gesso 
XRR  All Layers  Studies the way 
painting is 
developed 
 Detects 
damage 
 Hidden painting 
 Image is determined by X-ray 
absorption of painting components, 
and is dependent on their 
concentration and thickness 
 Valuable in detecting lead-
containing underpainting, or 
previous painting 
 High atomic number metals block X-
rays (absorb them) 
 Tears and holes in support can be 
detected 
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Due to the nature of cultural heritage artifacts, analytical methods must be employed that 
are effective in acquiring data, while having a minimal effect on the item itself – ideally 
they should be noninvasive, nondestructive, and contactless.67  THz technology presents 
such a profile and has recently been utilized to study cultural heritage artifacts such as 
paintings.69  Because THz waves can penetrate into opaque materials, they easily reach 
the preparation layers.70  X-rays penetrate such layers.  Due to the constraints of XRR 
based imaging, the imprimatura layer (when prepared as a monochromatic underpainting 
with iron-rich pigments) has been, in the words of Adam et al., a  “rather  elusive  aspect  in  
art historical studies.”39  This is, in part, due to the constraints of the penetrating strength 
of X-rays with some materials, which is explained in the following paragraph.   See 
Figure 7 for maximum penetration depth of radiation for THz and conventional methods 
used in an oil-based painted work of art. 
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Figure 7 Maximum penetration depth of radiation for THz and 
conventional methods based on typical constituents 
in oil-based, painted work of art. 
Source:   Created by Karl Turkel (September 7, 2012). 
 
Research in the Examination of the Imprimatura Layer with THz-TDS 
THz time-domain spectroscopy (THz-TDS), also referred to as a pulsed system, works on 
the generation and detection of THz waves using a pump-probe approach.66 This 
approach operates on the generation and detection of THz reflections with a very short 
duration.  The returned frequencies are subsequently filtered with a Fourier Transform of 
the results to isolate the relevant frequencies and to determine differences in the 
absorption and refraction indices between the sample spectrums by the reference 
spectrum The sample spectrum can then be analyzed to determine specific chemical 
composition.  
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Figure 8 Generation and detection of a THz pulse with the pump-
probe method.  74 
Note:  1) Beam splitting, 2) Delay, 3) Electromagnetic transient generation, 4) Probe and 
electromagnetic transient merge, and 5) Detection. 
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See Figure 8. for the generation and detection of a THz pulse with the pump-probe 
method. The physical set up of a THz time-domain spectroscopy experiment may take 
this form. A laser pulse is split into two beams (one is the pump and the other is a control 
beam, called the probe).66  Because the pump and probe beams are derived from the same 
optical source, they have the same pulse duration and spectrum.  A time delay between 
the pump and probe beams are created at the probe.  Next, the pump beam excites the 
emitter. The laser beam vaporizes materials on the emitter that actually creates the 
electromagnetic transient in the terahertz frequencies (the THz pulse) with a duration 
much longer than the pump beam itself.    The THz pulse is then guided through the 
sample to perform measurements.  Next, the probe and THz pulse merge and are optically 
aligned to hit the detector where the THz pulse is measured for a particular time 
difference between the probe and pump. When more than one layer of material such as 
the layers within paintings are encountered time delays for each layer are received.  
Detected reflections can be processed to provide spectral and imaging information in 
two- and three-dimensions.  This section examines the feasibility of imaging the 
imprimatura layer in painted works of art using THz-TDS.  
Aurèle et al designed an early experiment to demonstrate that THz-TDS can be used to 
image substructures of paintings on canvas – specifically the imprimatura.39  The study 
examined whether a sufficient refractive-index contrast between commonly used oil 
paints is large enough to image separate paint layers in a multi-layered system.  This 
experiment also aimed to determine the physical thicknesses of paint layer(s).  The group 
57 
 
subjected the same prepared paint samples used for THz-TDS to examinations with XRR 
and IRR in order to compare methods and results. 
A painting was prepared on a canvas support onto which six stripes of raw umber (of 
various thicknesses) were hand-painted as irregular rectangular shapes, and then followed 
by (and covered with) a thick layer of lead-white (both paints were based on a linseed oil 
medium).39  This stratigraphy of the painted work was created to reflect the practice of 
most seventeenth century painters in which:  a composition is initially composed with 
umber (or other iron-rich earth colors) on a primed canvas and subsequently painted over 
with a colorful layer (typically lead-white and other pigments). In this case, the entire 
canvas was covered with leaded paint, obscuring all the underlying layers. 
In an effort to reduce reflection/refraction problems, sometimes encountered with THz on 
curved surfaces, examination of the prepared painting was conducted on the canvas side 
(back of painting) – as the canvas side is relatively flat in comparison to the painted 
surface.39 THz pulses were focused onto and perpendicular to the painting as a short-
focused THz probe.  The THz pulses (from the canvas and the paint layer interfaces) 
were measured as a function of time.  The needed qualitative information was indeed 
extracted in the test.  The study revealed (and confirmed) that a large refractive index 
contrast between the paints, with average refractive indices valued around 1.9 for raw 
umber and around 3.5 for lead-white.  Collected data from the experiment was consistent 
with known refractive indices of the paint samples (from obtained measurements from 
the known paint samples used). 
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Results allowed for accurate determination of the thickness of five of the six umber 
stripes beneath the painted surface.39  The thinnest patch was difficult to detect as it had 
been applied as a thin glaze.  Assuming the above refractive indices, they predicted the 
smallest absolute thickness that could still be measured with this particular method are 
paints having a thickness of about   50   μm   and   stated   that   smaller   thickness   could   be  
measured with more advanced signal processing.   
Painting techniques changed over time.  During the sixteenth century, very thin layers 
were used (10-20   μm)   but   artists   commonly   increased   layer   thicknesses in the 
seventeenth century as paint formulas changed and then again in the nineteenth century 
when impressionists applied paints in the scale of millimeter thicknesses.39 
The experiment also demonstrated that THz-TDS can be used for three-dimensional 
analysis of a work.  The position-dependent arrival time of the pulses reflected off of all 
interfaces may be used to map the topography of the canvas and its paint layers.39 
Comparison of THz-TDS to IRR and XRR show that, in principle, all these techniques 
can be used to observe subsurface layers, but IRR and XRR have drawbacks.39  Both 
XRR and IRR imaging techniques are sensitive to a limited number of materials and 
complex three-dimensional information is superimposed resulting in a single, flat 
image.38  Examination of the test painting with IRR, from the painted and canvas side, 
revealed no information from the painted side and information with limited contrast from 
the canvas side.39  Examination of the painting with XRR analysis revealed an X-ray 
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transmission that is low, thus resulting in no clear, observable details.  X-rays cannot 
easily propagate through high-density pigments, such as lead paint, and this is a 
disadvantage, since lead-based paints were commonly used in historical paintings.  
Additionally, other weakly absorbing elements will frequently be obscured by the heavy 
metal paint components. 
Imaging and Resolution 
THz radiation is showing promise in the area of security screening because spectral 
features  can  “see   through”  materials,   like   those used for packaging.  For example, mail 
can  be  screened  for  content’s  information  or  illicit  drugs.71  For such applications, real-
time imaging is desirable and necessitates moving this technology from the laboratory to 
the field.  The result is an advancing technology moving at a rapid pace to meet industry 
needs. 
Real-time imaging with THz requires a two-dimensional array detector (such as the CCD 
in a digital camera with thousands of light-gathering pixels) capable of capturing 
approximately 30 frames per second.63  With THz-TDS, generating a sample image is a 
function of the time delay of the beam returning from the target in relation to a signal 
detector (the temporal delay of the reflected beam from the sample).  With a single-
element detector (this is like a digital camera with a single pixel CCD) the sample must 
be obtained serially, sweeping across the area to be imaged in successive lines. Serial 
acquisition times are much greater than that of array detectors.  With two-dimensional 
array detectors, real-time imaging is possible as multiple-element detectors are used to 
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obtain sample information simultaneously.  For the purposes of imaging, the use of a 
charge coupled device camera (CCD) can be employed allowing for simultaneous signal 
detection at all pixels. 
Sensitive sensor materials for imaging devices using X-ray, visible, and near-IR light are 
readily available.63  For longer wavelengths, such as IR, two-dimensional imaging arrays 
are still difficult to fabricate and (as of this writing) have reduced sensitivity.  When 
imaging strictly in the THz range, detection equipment are currently large, costly, and 
require cryogenic cooling to reduce detector noise.  One solution to this problem has been 
achieved by shifting the frequency of the THz radiation to a region of the electromagnetic 
spectrum where detection can be achieved in the optical range.  The process is called up-
converting and permits the use of readily available optical detectors that include multi-
channel arrays, such as charge-coupled device (CCD) cameras. 
A.W.M. Lee et al. demonstrated the feasibility of postal mail screening (to image the item 
within) with a real-time THz application, using a quantum cascade laser and a 
commercially available uncooled IR camera.72  The camera employed a 320 x 240 pixel, 
vanadium oxide (VOx) micro-bolometer (sensor for electromagnetic signals) IR focal 
plane array, and THz was up-converted  to  IR  wavelengths.    The  “mail”  sample  consisted  
of   the   letters   “MIT”  written   in   pencil on the inside of a security envelope.  The MIT 
letters were clearly imaged in both a THz direct transmission (one frame) mode and a 
reflection mode with an acquisition time of 20 frames per second.  This particular 
imaging application can only be done with terahertz frequencies because X-rays lack 
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contrast (millimeter-waves do not provide sufficient spatial resolution) and IR radiation is 
heavily scattered and/or absorbed by fibrous materials. 
Multiple studies support that THz radiation can be used to clearly image information in 
the imprimatura, but is it possible to obtain images that resolve the fine details of friction 
ridge impressions?  Spot size is a term to describe the diffraction-limitation of an imaging 
system.73  Spot size is usually calculated as approximately half of the optical wavelength.  
Terahertz waves have a worst-case wavelength of about  1  mm  (1000  μm),  corresponding 
to a resolution  of  approximately  500  μm;;  the  average  friction  ridge  breadth. 6 
  
Figure 9 Fingerprint image in visual and terahertz wavelengths.72 
Note:  The image on the left is a visible frequency thumbprint and the image on the right is the 
same print imaged with THz reflection mode (20 frames/second). 
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In 2006, Lee et. al. demonstrated the high-resolution capability of their system with a 20 
frame per second (average) image of an inked thumbprint.  An example of the results in 
THz and visible wavelengths is shown in Figure 9.72 In  this  author’s  opinion,  clear  and  
usable Level 2 information of the friction ridge detail is imaged.  However, this print was 
recorded intentionally, in a controlled environment, with the goal of obtaining clear 
information.  To obtain friction ridge detail from paintings, other factors must be 
considered and include the resolving power of the system and the quality of prints that 
might be encountered, as they are likely to be an unintentional or the result of creating a 
visual affect. 
The broadband nature of a THz system has to be considered when specifying spatial 
resolutions, as resolution is dependent on frequency.66 Zomega Terahertz Corporation 
(the producer of commercial THz sensing and display systems) tests their systems using a 
resolution target, consisting of a woven fiberglass and resin printed circuit board with 
central quadrants of metalized circles (see Figure 10).74  The interior diameters of holes 
are  (starting   in   the   left   lower  quadrant  and  moving  counter  clockwise)  65  μm,  280  μm,  
500  μm,  and  700  μm.    The  THz-TDS image in Figure 10 shows the spectroscopy image 
at frequencies of 0.3 THz and 0.9 THz. 
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Regarding spot size, the resolution at a low frequency (0.3 THz) is worse than at a higher 
frequency (0.9 THz) because wavelength at 0.3 THz is (approximately) 1000 μm  while 
wavelength  at  0.9  THz  is  333  μm.    This  example  shows  the  resolution  dependence  of  the  
image, with the 0.3 THz target missing most detail.  The 0.9 THz image shows the 
clearest detail, with the   center   of   the   65   μm   holes   clearly   visible.      Thus,   improved  
0.3 THz 0.9 THz 
 
Figure 10 Image showing special resolution at 0.3 THz and 0.9 THz.74 
Text from original document:         Examining the different frequency slices shows the 
resolution dependence of the image. a.)The 300 GHz image of the target is missing 
most of the detail of the target, though the groupings of dots are still visible.  
b.) The 900 GHz image clearly resolves many of the holes, and suggests the 
presence of the  65μm  holes  in  the  smallest  dots,  though  the  holes  are  not  fully  
resolved. 
Author’s  notes:  Spatial  resolution  in  a  pulsed  system  depends  on  the  transmission  
frequency. The interior diameter of the holes (starting in the left lower quadrant, 
and  moving  counterclockwise)  is  65  μm,  280  μm,  500  μm,  and  700  μm. 
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resolution may be possible at frequencies moving toward 10 THz, and may be possible as 
technology develops better receivers within this range. 
Though many factors affect imaging system optimization, this demonstration supports 
Level 1 fingerprint detail is easily attainable and that Level 2 fingerprint detail can as be 
achieved with commercially available equipment.  As well, if present, clear resolution of 
Level 3 detail may be achieved. A study of Livescan® fingerprint imaging reliability 
obtained  results   that   the  diameter  of  a  pore  can  vary  between  88  and  220  μm,  with   the  
largest pore observed being 265 μm.75  This is well within the resolving range of current 
THz imaging technology.   
In addition to spectral imaging, spectral depth information at each pixel can be derived at 
each pixel or signal-element.66  Thus, the proven performance of current THz-TDS 
(pulsed) imaging systems demonstrates the potential to resolve friction ridge detail from 
the imprimatura layer of painted artwork at Level 2 and Level 3 detail capture.  In 
addition  to  this  system’s  two-dimensional imaging capability, three-dimensional imaging 
may be useful for plastic prints in this layer and to resolve other information (such as 
brush strokes) at different depths. 
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FRICTION RIDGES, PAINTINGS, AND AUTHENTICATION 
Proposed Protocols for Friction Ridge Recovery, Comparisons, and Identifications 
This literature analysis demonstrates that friction ridge impressions, specifically those 
composed of earth pigments under lead-based paints, can be imaged using THz radiation 
with sufficient resolution for comparison purposes.  Situated beneath upper layers, these 
prints  are  “trapped”  in  time,  with  limited  possible  sources.     
Friction ridge detail from other surfaces of a painting are valuable, but must be 
considered in context with the piece.  A painting restored with paint over old varnish, 
centuries after its creation, illustrates this point well; a fingerprint impression on the back 
of this painting composed of the same paint used for restoration cannot logically be 
attributed  to  the  original  artist,  or  to  others  within  that  artist’s  lifetime.     
Recovery   of   friction   ridge   detail   from   an   artist’s   work   varies.      With   some   artists   the  
recovery is regularly high, as fingertips were used as part of their painting technique.76  
For other artists the occurrence of prints found in paintings is low and may be, for 
example, a consequence of handling the painted work while still wet.  Still, on other 
artists’  works,  prints  are  hardly  ever   found.        At   this   time,   there  has  been  no  concerted  
effort to determine just how many prints on average have been recovered on works of art.  
When items are what they are supposed to be they can be analyzed with the goal of 
understanding them better, and provide additional information about the artist and his 
works.  Take into account a collection paintings from a known artist that are perfectly 
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provenanced. Data collected from this work may be compiled, establishing a library to 
which future unknown paintings can be compared.  Reference data may feature recovered 
friction ridge detail.  For purposes of this research, this collection of prints is called a 
reference collection (which may include the artist and other possible contributors). 
Unlike  a  typical  collection  of  fingerprint  exemplars,  this  “collection”  could  include  prints  
that may not be able to be attributed to the artist  (but  to  others  in  the  artist’s  studio),  and  
might also include friction ridge detail of a less identifiable areas of the palms or fingers. 
With the newly discovered imaging power of THz, there is now means to recover prints 
from an essentially untouchable layer, but this method must be combined with 
conventional examination methods in order to realize its potential.  Though not routinely 
recovered or used currently, there are some who have recognized the value of collecting 
and comparing prints from cultural heritage artifacts. 
Art,  Access  and  Research  Ltd.  (AA&R),  is  a  company  committed  to  the  “incorporation of 
scientific  methods  that  serve  as  a  complement  to  more  traditional  approaches”  (including  
art historical knowledge) when examining works of art.76  While, still a work in progress, 
their protocol (see Appendix A) for the examination of paintings for the recovery of 
friction ridge impressions and their subsequent comparison provides useful insight into 
how this information might be used in the art domain.  This would apply to the use of 
prints for authentication, historical data, etc.  This domain has a similar general work 
flow to the legal domain (examination/recovery and comparison), but the physical 
examination of a painting for prints, how prints may be used in the comparison process, 
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and what decisions can be made differ in some significant ways.  As with the recovery of 
friction ridge detail in the legal domain, careful photographic and written documentation 
that includes examination methods, item condition, and location of recovered prints is 
required.  The examination and recovery methods for friction ridge detail from paintings 
require non-invasive and non-destructive techniques as addressed in the section of this 
document: Conventional Methods for Examination of Cultural Heritage Artifacts.  
AA&R supports the non-numeric standard for effecting an identification, and they require 
that an identification be verified by another expert (just as in the legal domain); however, 
the variations in their reference collection set-up, aspects of the comparison process, and 
the conclusions allowed deserve further discussion.   
AA&R notes that the most reliable reference prints are collected from works (paintings 
and other materials) associated with an artist, and more specifically from items where it is 
unlikely that anybody else would have come into contact with them (see Appendix A).76  
This includes items created or used when the artist is known not to have had assistants, 
and include:  the artwork, paint tubes, brushes, etc.  A reference collection may also 
include friction ridge detail that has been identified to an artist that has been recovered 
from wide range of provenanced works, since it is unlikely that more than one individual 
could be involved. This also means that associations between works can be made, even 
without the identification of a specific individual. Lastly, prints from provenanced work 
can be combined (a larger impression built from a collection of smaller impressions) into 
more complete prints for reference purposes.   
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As a fingerprint examiner in the legal setting across many jurisdictions and in several 
states throughout the U.S. my experience has been, with rare exception, unknown prints 
are compared to a set of known exemplar prints in order to make identification 
conclusions.  Circumstances exist where evidentiary prints may be compared to each 
other without comparison to an exemplar set: an identification conclusion means the 
evidentiary prints originated from the same source.  In this case, it may be stated that the 
same individual deposited both prints, but an association cannot be made to a specific 
individual without subsequent comparison to and identification with the correct 
exemplar.  Additionally, inferences to the probability of a likely source or the assertion of 
an  individual’s  specific activity depositing the prints should not be made.  
AA&R also points out that expert knowledge is required for the recovery of prints from 
painted work (see Appendix A).76  For example, an expert in art may have the specialized 
knowledge to determine whether a print represents part of the original structure, or if it 
was left by some other means (for example handling by restoration hundreds of years 
after its creation, as mentioned above). 
Authenticating Works of Art 
When attempting art authentication, there is no single authority (art historian, 
connoisseur, and conservator) whose skills or services is necessarily superior to another.  
For example, attempts to authenticate a suspected Rembrandt, forged with researched and 
meticulously prepared materials, might not be detected by a technician but easily spotted 
by  the  discerning  eye  of  an  art  connoisseur.    Often,  due  to  a  painting’s  unknown  past  and  
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current circumstances, the approach to authentication is normally case specific, and 
therefore, the sequence of experts or analyses employed cannot be definitively outlined 
nor rendered effectively by a flowchart.  This is especially true where funds, resources, 
and time are limited.  
Still, all aspects of a painting must be consistent:  material composition, aesthetics, 
pigments, time period, etc.  A thorough examination and decision requires both art and 
historical and scientific perspectives—a holistic approach.52  Though an artist or group of 
painters may have commonality of, for example, a style or materials used, no one of these 
elements is necessarily static.  This presents any expert with a tremendous amount of 
information to consider.  That is the challenge to research. 
Proposal for Searchable Print Database and Database of Artists 
THz images of fingerprints, along with historical and scientific data from known and 
unknown works, could serve as a useful basis for an all-encompassing database of art.  
First, let us consider a searchable friction ridge database, and then expand that concept 
further. 
Borrowing from the legal setting, an automated biometric identification system (ABIS) 
can be easily transferred to the art investigation environment.77  Building a reference 
collection database requires cooperation amongst potential contributors and a concerted 
effort to collect usable prints during any examination process, such as: routine 
examinations of provenanced art for historical/education purposes, restoration, 
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authentication, etc.  Aside from a mutual effort to do so, the database is simple to 
populate because vast quantities of information on individual works of art is already in 
digital form – ready to be included in a searchable database that now will include 
fingerprints.  Unknown fingerprints can be searched against this database for potential 
identifications, often referred to as a forward search.  ABIS® databases also have a 
reverse search function; if evidentiary prints are not identified against subjects housed in 
the database during a forward search, they are entered into a separate database as an 
“unknown.”     A   reverse   search   is   a   search   of   the   unknown   print   against   new   exemplar  
print entries (e.g., arrests, job applicants, etc., or in the art domain case, additional known 
or suspected art pieces) in order to determine whether they originated from a common 
source.  Employing such ABIS® technology for such purposes discussed would allow for 
easier searching and potential associations to be made.  But, can this art database be and 
do more? 
Currently, a number of museums and organizations employ a variety of searchable 
databases to catalogue art pieces.  Some museums’ searchable databases house only 
information about their current inventory of artwork.  Other databases are specialized and 
contain information about a school of art or geographical location.  The Getty Research 
Institute maintains the Getty Provenance Index® set of databases with collections of 
provenance history on art from around the world, created before 1900.78  This searchable 
set of databases currently contain 1.1 million records taken from archival inventories 
(public and private) of auction catalogs, dealer stock books, public collections, and 
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payments made to artists.  Aside from tracing ownership, the database can be used to 
search patterns and trends, such as consumer behavior and market networks.  Though the 
database has a growing library of information, it is mainly limited to matters of 
provenance and each piece of artwork’s   current   location   (databases   exist   for   specific  
regions). 
Art databases inaccessible to some, lacking communication between, and confined to art 
historical data alone, represent a gap in art informational and research resources – a void 
to be filled with a database comprising artist profiles.  A friction ridge reference 
collection is just one search parameter of potentially many to employ.  An artist database 
can easily be expanded to include far more information, both historical and scientific, and 
thus create the critical nexus between the efforts of art connoisseurs and conservators 
identified as lacking.  Moreover, such technology allows efficient associations to made, 
including those beyond our current knowledge base or those too arduous to adequately 
research. 
An  artist’s  profile  can  be  assembled  using  facts   that  pertain   to  known  works  of  art  and  
information about the individual.  Background information may include facts pertaining 
to   the   artist’s   life   such   as:   periods   of   work,   style   and   style   changes, apprenticeships, 
apprentices  used,   etc.      It  may   also   include   facts   about   a   specific  work’s   style,   content,  
symbolic meaning, and paint stroke descriptions.  Scientific examination data may 
include prints recovered from surface layers, prints recovered with THz, varied spectral 
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scans of materials, layer structure, pigment analyses, restoration efforts, pigments of 
restoration materials, XRR images, etc.   
A potential search of an unknown painting may include, for example, the following 
parameters, based on its examination data: the spectral analyses of varied pigments from 
the design layer, a left palm imaged with THz from the imprimatura, and a religious 
subject matter. 
Such a database can be made to function in a reverse search mode as well to detect fakes.  
As with unknown friction ridge prints, some paintings remain in limbo for years when 
attribution is uncertain.  Reverse searches from unknown works can be continually 
conducted against new and updated information, as described for prints in the legal 
domain above.  Forger and copyist profiles can be established as well, based on the 
profiles   collected   from   their  known  “works  of   art.”      (A  copyist   is   a  painter  who  either  
creates a copy of a previous work or paints in the style of a particular artist.)  The 
potential to connect unknown works that are fakes to profiles is powerful, as these works 
are created with the intent to deceive.  Further, even if one can demote such a painting 
from a masterwork to a fake without the use of a database, based on the aesthetics and/or 
scientific data, a search may allow an examiner to do more – identify its creator (who 
could already be included in the database).   Even further, once identified, the new data 
gathered from  the  fake  could  be  added  to  that  creator’s  database  record. 
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In order to be effective, this effort calls for strict control and a review of the information 
uploaded, and participation among public and private art ownership worldwide.  If 
properly designed and maintained, such a database would provide not only a tool to assist 
with authentication, but also a more scientific approach to the process.  Both the 
qualitative and quantitative data of the candidate(s) returned from a search could thus be 
evaluated by the proper expertise to derive conclusions regarding the viability of an 
association.  Factual data obtained from an unknown source used to search against factual 
data in an artist database will establish associations beyond mere supposition of any 
single expert.  
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CONCLUSION 
Conventional methods used to examine paintings cannot adequately image the 
imprimatura layer composed of earth pigments, thus making this stratum an elusive layer 
to reach.  The newly accessible THz range, once considered a gap due to the dearth of 
emitting and detection technology, can now fill this gap.   
This literature analysis examines the potential suitability of terahertz imaging to detect 
friction ridge detail preserved in the imprimatura layer of oil-based paintings and 
demonstrates that the voids existing from the underutilized THz technology and a once 
difficult to reach painted layer can be closed.  From this study, a proposal to better 
connect the art connoisseur and science perspectives, in the source attribution of art, is 
possible in the form of a searchable, relatable database—inclusive of friction ridge 
impressions, recovered from imprimatura with THz. 
What has this literature analysis indicated about the potential for the imaging of friction 
ridge detail in the imprimatura layer of painted works of art utilizing THz for imaging?  
First,  there  are  a  number  of  studies  that  demonstrate  THz  imaging  can  successfully  “see  
through”  subsurface  layers  of  paint,  difficult  for other frequencies to penetrate, and image 
the layers beneath.  Specifically, there is support that this technology can target the 
imprimatura layer of interest.  This is true because a sufficient refractive-index contrast 
exists between paint layers containing lead with respect to those paint layers composed of 
earth pigments.  Secondly, there is proof that existing technology can provide the 
resolution required to adequately resolve fine details, such as those found in friction ridge 
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impressions.  Beyond demonstrating that THz imaging can be utilized for the stated 
purpose, this analysis reveals additional benefits that could not be predicted (such as three 
dimensional imaging and material characterization) and the technology appears to be 
ready for use with other conventional art examination techniques. 
Showing promise in a wide range of fields, like security screening, has moved THz 
technology forward to address industry needs on the commercial side.  Once too large 
and costly to operate anywhere other than the research laboratory, detection equipment in 
the THz range is now relatively portable and less expensive to produce, and procure.  
Some of these issues have been addressed by up-converting THz radiation to IR so that 
detectors can be used that are widely available in that sensing range and do not require 
large cooling devices for operation in the THz range.  A variety of private companies 
now supply technology so portable, they are suited to the museum laboratory and even 
the gallery where a painting can be examined in situ.  Thus, allowing delicate works to 
remain in their protective environments without risk of damage possible when 
transporting items to and from exams.   
When attempting to authenticate a work of art, there are a variety of possible experts (art 
conservator, art connoisseur, forensic examiner) that might be consulted.  However, there 
is no single expert to use, no set sequence to use them in, and no defined method for 
examining an unknown work.  The knowledge one must have pertaining to a specific 
artist, multiple artists, materials used, and aspects of art history required is vast.  This 
makes searching information, accessing it, and, more importantly, making obscure links 
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between factual data difficult – no matter how competent an expert might be.  As such, 
this research concludes that the art investigation efforts should incorporate a tool to 
facilitate searching information and allow for associations using factual data.  Much like 
ABIS technology used for searching known subjects prints with evidentiary prints in the 
legal domain THz images of fingerprints along with historical and scientific data from 
known and unknown works could serve as a useful basis for an all-encompassing 
database of art.   Facts derived from well-provenanced artwork could be assembled to 
create  artists’  profiles.    These  profiles  could  be  housed  in  a  single  database  against  which  
data from unknown works of art could be searched to determine whether association to a 
specific artist or style can be made.  Linkages established in this manner establish 
associations beyond mere supposition of any single expert.  At present, there does not 
appear to be a database of this kind, but technology exists to construct one. 
In conclusion, it is possible to obtain usable friction ridge detail from the painted 
imprimatura layer utilizing THz imaging.  A comparison of THz-TDS to methods such as 
IRR and XRR confirm that, though these conventional methods used for examining art 
can be used to observe subsurface layers, drawbacks include the inability to penetrate and 
image beneath lead paint and the superimposing all strata as one flat image.  The data 
detected using THz time-domain spectroscopy can be processed to provide spectral and 
imaging information in two- and three-dimensions, thus allowing layers with a sufficient 
contrast in refractive index to be separately imaged.  As demonstrated in the study by 
Aurèle et al, depending on the processing ability of the technology used, even very thin 
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layers  of  paint,  less  than  50  μm,  can be resolved.  In addition, three-dimensional imaging 
has potential for recovering and resolving the details of subsurface plastic impressions.  
The spectral capabilities of THz also allow for composition of such layers to be 
characterized.   
Advancements have been achieved commercially that allow for this technology to be 
included in the arenas engaged in the investigative and routine examination of art.  THz 
imaging is a powerful tool, ready to be added to conventional examination methods.  This 
analysis demonstrated that THz imaging is capable of recording friction ridge 
impressions recovered from the imprimatura layer with clear Level 2 and Level 3 detail. 
To illustrate this point for the finest Level 3 detail, resolution with THz imaging can be 
achieved with commercially available equipment providing clear detail by showing the 
visible  center  of  a  hole  only  65  μm  in  diameter.    The  average  diameter  of  a  friction  ridge  
pore   is  between  88  and  220  μm, thus supporting that these are impressions that can be 
recovered with THz imaging and used for comparison and identification purposes. 
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APPENDIX A 
The following four pages were provided by Art, Access & Research (AA&R).  This 
document is a proposed protocol for the recovery friction ridge detail from works of art. 
The document was supplied by Dr. Jilleen Naldony, technical art historian of Art, Access 
& Research on November 29, 2011. 
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